Artificial neural networks (ANNs) are very effective statistical models for (1) extracting significant features or characteristics from complex data structures and/or for (2) learning nonlinear relationships involved in any input-output mapping. Another interesting aspect of ANN modeling is the fact that overall performance of these models is not greatly hampered by the presence of error-corrupted values in some input nodes. ANNs have gained interest in remote sensing applications as valuable inverse models that can retrieve physical characteristics of interest, such as precipitation, from remote sensing measurements collected from radars or satellites. The spatial coverage and high resolution of remote sensing measurements relative to ground-based measurements can improve the hydrological modeling of the water cycle at both local and global scales. This review paper intends to present recent advances in artificial neural network modeling of remote sensing applications in hydrology. This paper focuses on precipitation and snow water equivalent (SWE) retrievals from remote sensing data.
INTRODUCTION
Data-driven models, and more specifically ANNs, are very attractive tools that are used in hydrology and remote sensing applications. Indeed, ANNs are very powerful models that can learn the nonlinear relationships characterizing many processes of hydrological, climatological or weather prediction models. Herein, the focus is on remote sensing applications that could improve the hydrological modeling at different scales (local, regional and global scales). A huge number of hydrological models are applied all over the world. Even if they can be assigned to deterministic, stochastic or event-based types of models, they all need input data to forecast the flows at the outlet of a basin through the modeling of specific processes providing the state variables at each modeling step. One of the key input components of hydrologic models is precipitation. The key state variables that could benefit from the advances in ANN modeling in remote sensing are soil moisture and SWE.
The physical characteristics of a basin are crucial and necessary information for distributed hydrological models.
Remote sensing can provide valuable information on soil classification and land cover. Overall, remote sensing can supply valuable information relative to a basin at time and spatial scales that match the requirements of distributed hydrological models. Reliable information on SWE, for instance obtained from neural network-based retrieval algorithms, can be used to update the state variables of numerical forecasting models (hydrological, climate and weather prediction models) through a data assimilation procedure.
This review paper focuses on recent advances in artificial neural network modeling of remote sensing doi: 10.2166/hydro.2009.036 applications involving precipitation and SWE retrievals that could be used in hydrologic modeling for operational water management or runoff and stream flow forecasting purposes. Papers published since 2000 are particularly of great interest.
FORWARD AND INVERSE MODELS
Remote sensing measurements, especially those from space, have been increasing throughout recent years. Since the 1970s, sophisticated satellites have been launched. Compared to remote-sensing-based data acquisition systems, the ground-based measurement networks have their own weaknesses such as their limited spatial coverage and their low resolution scale. Retrieval algorithms have then been developed to retrieve the physical characteristics of interest from remote sensing measurements. These algorithms are inversion techniques and include, among others, regression, lookup table searching and iteration methods (Vann & Hu 2002) . The functional relation f between a vector X of satellite measurements or observations and the physical characteristic to be retrieved, Y, is called a forward model and is obtained by solving a radiative transfer equation (Vann & Hu 2002; Krasnopolsky & Schiller 2003) : (Loyola 2006) . Indeed, the transfer function can be viewed as a continuous or almost continuous mapping between Y and X. Mathematically, the forward problem is a well-posed problem. In contrast, the inverse problem is often an ill-posed problem (Krasnopolsky & Schiller 2003) . 
REMOTE SENSING RAINFALL ESTIMATION

Radar-based studies
One of the most used techniques of radar-based rainfall retrieval is a two-parameter power-law function between the reflectivity factor (radar echo), Z, and rainfall intensity,
where a and b are empirical parameters.
Even though the above Z-R equation is rather simple, the relationship between reflectivity and rainfall rate is indeed more complex and has been restricted within specific cases. Previous work by Liu et al. (2001) demonstrated that an adaptive radial basis function neural network was able to provide rainfall estimation fairly accurately. This study was intended for real-time implementation of ANN-based rainfall retrieval algorithm on WSR-88D radars.
Satellite-based studies
Conventional methods for rainfall monitoring have used geostationary satellites that provide thermal infrared (TIR) data that are continuous and that have high-spatial and temporal resolutions. The basic idea around these algorithms is that rainfall can be inferred from the temperature of cloud tops. The Cold Cloud Duration (CCD), which is the number of hours for which the cloud-top temperature in a pixel is colder than a specified temperature threshold, is used as a predictor to estimate the rainfall amount R a assumed to be linearly related to the CCD (Arkin 1979) :
where a 0 and a 1 are empirical parameters.
The Geostationary Operational Environmental Satellite (GOES) Precipitation Index (GPI) is the most widely used algorithm of the form of Equation (4). GPI overestimates rainfall amounts over land as reported by Arkin et al. (1994) .
Indeed, a weakness of this method is due to the fact that cloud top temperatures are imperfectly correlated with rainfall reaching the surface.
Other usual algorithms have used, since the late 1970s, passive microwave data measured by sensors like the Special Sensor Microwave Imager (SSM/I) installed on polar-orbiting satellites. The main problems related to the use of passive microwave data for rainfall monitoring are
(1) the high variability of the emissivity captured by the sensor depending on the vegetation and the soil moisture,
(2) the signal scattering for frequencies greater than 60 GHz due to the presence of ice particles within the clouds and which is not related to raindrop intensity and (3) the fact that polar-orbiting satellites have poor temporal resolution with one or two overpasses per day (Grimes et al. 2003) .
Since the launching, in 1997, of the Tropical Rainfall
Measuring Mission (TRMM) satellite, retrieval algorithms using precipitation radar data for rainfall estimation have been developed and are considered as promising precipitation monitoring methods (Grimes et al. 2003) . The radar transmits a beam of microwave energy downward inside clouds. Then the raindrops scatter back the energy to the radar, providing information on rainfall intensity and vertical distribution.
To account for the weaknesses of these different measurement techniques, researchers around the world have combined satellite and radar measurements to minimize the limitations and take advantage of the strengths of the various techniques. hidden layer and the output layer is a modified version of the Grossberg linear layer.
The PERSIANN system was further improved by The GPM mission is a collaboration between NASA, the Japanese Aerospace Exploration Agency ( JAXA) and other US and international partners (Bundas 2006) . The GPM mission is intended to begin in 2010 and will study global precipitation (rain, snow and ice). Its main objectives are
(1) improve ongoing efforts to predict climate, (2) improve the accuracy of weather and precipitation forecasts and (3) provide more frequent and complete sampling of the data (Goodison et al. 1986; Chang et al. 1987 Chang et al. , 1996 Aschbacher 1989; Hallikainen 1989; Gan 1996; Foster et al. 1997; De Sè ve et al. 1997; Tait 1998; Singh & Gan 2000) . The common retrieval algorithms make use of channels 19 GHz and 37 GHz. Difficulties restricting the use of passive microwave data for SWE retrieval are:
(1) the presence of liquid water inside the snow pack,
(2) precipitating clouds in the atmosphere, (3) snow grain size variation, (4) existence of depth hoar and vegetation cover such as forests and (5) the saturation effect by which SWE can increase with no resulting change in brightness temperature (see Carroll et al. (1999) for an interesting discussion on some important factors restricting the use of SSM/I data for operational SWE mapping).
Tait's empirical equation for SWE retrieval for a nonforested, noncomplex (flat terrain), with no melting snow and no depth hoar has the following expression (Tait 1998) :
where a 0 and a 1 are empirical parameters, and 19H and 37H are the brightness temperatures at channels 19 GHz and 37 GHz, respectively, in horizontal polarization. 
CONCLUSION
This paper reviews recent advances in artificial neural network modeling of remote sensing applications that could be beneficial to hydrology. A rather large number of applications involving both precipitation and SWE retrieval from remote sensing data have been developed since 2000.
The need for precipitation estimation at high resolution over basins of different scales is of major concern in distributed hydrological modeling or in urban drainage studies in the case of extreme rainfall events. Reliable snow water equivalent retrievals are needed for operational streamflow forecasting in snow-dominated areas as well as in meteorological and climatological modeling. The launching of sophisticated and high resolution satellites and radars (NASA's Global Precipitation Measurement mission, for instance) will provide remote sensing measurements that are very useful information used as inputs to neuralnetwork-based retrieval models. There are some interesting research perspectives concerning the development of satellite-based precipitation and snow monitoring techniques that will provide high spatial and temporal resolutions products that could benefit hydrological applications such as flood monitoring.
